Abstract. Anthropogenic sulfate aerosol is a major contributor to shortwave radiative forcing of climate change by direct light scattering and by perturbing cloud properties and to local concentrations of atmospheric particulate matter. Here we analyze results from previously published calculations with an Eulerian transport model for atmospheric sulfur species in the Northern Hemisphere in June-July, 1997 to quantify the absolute and relative contributions of specific source regions (North America, Europe, and Asia) and SO 2 -to-sulfate conversion mechanisms (gas-phase, aqueousphase and primary sulfate) to sulfate and SO 2 column burdens as a function of location and time. Although material emitted within a given region dominates the sulfate and SO 2 column burden in that region, examination of time series at specific locations shows that material imported from outside can make a substantial and occasionally dominant contribution. Frequently the major fraction of these exogenous contributions to the sulfate column burden was present aloft, thus minimally impacting air quality at the surface, but contributing substantially to the burden and, by implication, to radiative forcing and diminution of surface irradiance. Although the dominant sulfate formation pathway in the domain as a whole is aqueous-phase reaction in clouds (62%), in regions with minimum opportunity for aqueousphase reaction gas-phase oxidation is dominant, albeit with considerable temporal variability depending on meteorological conditions. These calculations highlight the importance of transoceanic transport of sulfate, especially at the western margins of continents under the influence of predominantly westerly transport winds.
Introduction
Anthropogenic aerosols are thought to be influencing climate by offsetting the radiative forcing of greenhouse gases (Penner et al., 2001; Ramaswamy et al., 2001; Bellouin et al., 2005) via scattering and absorption of radiation (direct effect) and by enhancing the reflectivity and lifetimes of clouds (indirect effect). Aerosol forcing is strongest in the industrialized areas of North America, Europe, and Asia (Ramaswamy et al., 2001) . Solar radiation reaching the surface of the Earth has decreased discernibly during the past 50 years (Liepert, 2002; Stanhill and Cohen, 2001 ); these decreases also are more pronounced in industrialized areas. Atmospheric aerosols also contribute to deterioration of air quality in industrialized areas affecting human health and welfare. A major component of aerosols in these areas is sulfate resulting from the atmospheric oxidation of anthropogenically emitted sulfur dioxide (SO 2 ) (U.S. Environmental Protection Agency, 2001) . The long-range transport of anthropogenic sulfate aerosols (Perry et al., 1999; Piketh et al., 2002) suggests the need for quantifying the extent of the influence of source regions and source types on sulfate and SO 2 mixing ratios and column burdens.
A variety of approaches have been used to determine the influence of source regions and source types on the burdens of atmospheric trace species. Simulations using Eulerian models have been performed with and without emissions from certain source regions (Yienger et al., 2000) ; the influence of those source regions is estimated as the difference in the atmospheric burden between the two simulations. This method is suitable provided removing the selected sources does not appreciably alter the chemistry of the species being studied, but for species such as sulfur and nitrogen whose chemistry alters atmospheric concentrations of oxidant species this method may result in approximate estimates only. Lagrangian models that track emitted parcels individually have been used to model regional transport (Mal- Published by Copernicus GmbH on behalf of the European Geosciences Union. 
Fig. 1. Schematic of the processes included in the Global Chemistry Model driven by observation-derived meteorology (GChM-O).
Here, BNL/Kettle/Liss, Brookhaven National Laboratory, Kettle et al. (1999) , Liss and Merlivat (1986) ; Lamb (Bates et al., 1992) ; Horowitz (2003) ; Bott/Easter (Bott, 1989; Easter, 1993) ; Easter and Luecken (1988) ; Walcek-Taylor/Berkowitz (Walcek and Taylor, 1986) ; NASA (1997); Yin/Seinfeld (Yin et al., 1990a, b) ; Schwartz (1988) ; Wesely (Sheih et al., 1986; Wesely, 1989) , and Benkovitz et al. (1994) . com et al., 2000) . Concerns with this approach include representation of the interactions among species from multiple sources. Measurements coupled with air-mass back trajectory calculations have been used to determine potential source regions of the measured species (Jaffe et al., 1999; Martin et al., 2003; Perry et al., 1999; Allan et al., 2004) . For example, Allan et al. (2004) presented an instance at Trinidad Head, California, in which appreciable non-seasalt sulfate was present in an airmass directly from the west that had had no discernible influence from North American sources. However this method is limited to the times and locations where measurements have been performed, and uncertainties and limitations in the back trajectory analyses grow quickly with time and may identify different source regions depending on the type of back trajectory analysis performed. With varying degrees of uncertainty all these methods are able to qualitatively represent the influences of various source regions on the amount of material at receptor locations of interest; however, quantification of these influences is rarely possible and subject to large uncertainties.
Eulerian models with accurate representations of the sulfur cycle and the ability to track sulfur by source regions and source types are capable of more rigorous quantitative studies (Benkovitz et al., 1994; Graf et al., 1997; Rasch et al., 2000; Uno et al., 2003) . Benkovitz et al. (1994) used an Eulerian sub-hemispheric chemical transport model with emissions labeled by source type (anthropogenic, biogenic) and source region (North America and Europe) to study the sulfate and SO 2 burdens for four seasonal six-week periods in 1986-1987. Sulfate concentrations and column burdens exhibited rich temporal and spatial structure related to existing meteorological patterns for each season. For the October-November 1986 simulation a pronounced variability was found in the contribution of the source regions to the sulfate burden over oceanic areas; over the mid north Atlantic the variation over a six-hour period in the fraction of the burden due to North American sources was between 25 and 58% and the variation in the fraction due to European sources was between 2 and 33%. Graf et al. (1997) carried out a five-year simulation with the Hamburg climate model European Centre Hamburg (ECHAM) global general circulation model (GCM) with a representation of the sulfur cycle to estimate the contribution of volcanic emissions to the global sulfur distribution. Material was attributed to specific sources (anthropogenic, biomass burning, DMS and volcanic) by determining the ratio of the contribution of the various sources to the total sulfur budget and treating emissions from these sources as separate variables. Although the global annual contributions of anthropogenic sulfur emissions exceeded that of volcanic emissions by a factor of ∼5, the fractional contributions of the two sources to the total sulfate budget were found to be similar. However, strong interhemispheric and seasonal differences were found in the relative contributions of the various sulfur sources. Uno et al. (2003) integrated a chemical transport model within the Regional Atmospheric Modeling System (Pielke et al., 1992) , which in-cluded anthropogenic sulfur, dust, black carbon, organic carbon, CO from anthropogenic sources and from biomass burning, sea salt, lightning NO x , volcanic SO 2 , and radon. The influence of volcanic SO 2 was mimicked using an unreactive tracer, which allowed qualitative knowledge of which air masses were affected by these emissions. The sulfur chemistry was represented online as a simplified 1% h −1 conversion rate; photochemical processes were calculated offline using other models. This model was applied to the east Asia and western Pacific region and used for forecast and postexperiment analyses during the ACE-Asia field experiment. Rasch et al. (2000) used a global GCM with a representation of the sulfur cycle to perform a three-year simulation in which sulfur emissions were identified by region of origin (North America, Europe, Asia, rest of the world) and source type (anthropogenic, biogenic). Substantial differences were found in the turnover time (mean residence time), sulfate potential (defined as the ratio of the sulfate burden to the SO 2 emissions), and contribution to the sulfate burden for the several source regions. For example, North American sources were the principal contributors to the annual averaged sulfate column burden over the North Atlantic; Asian sources contributed over 50% of the burden over the north Pacific Ocean to the west coast of North America, and also contributed up to ∼40% of the burden in the southern hemisphere.
In the work described here a three-dimensional hemispheric Eulerian chemical transport model for sulfur was used to simulate the June-July 1997 time period for the Northern Hemisphere from the equator to 81 • N and to examine the influence of source regions and source types on the sulfate and SO 2 burdens. A six-week simulation was performed; the first two weeks were considered model spinup time and results were not analyzed. The model used in this study, the Global Chemistry Model driven by Observationderived meteorological data (GChM-O), a three-dimensional Eulerian transport and transformation model for sulfate, methanesulfonic acid (MSA), and precursor species has previously been described and extensively evaluated by comparison with observations (Benkovitz et al., 2004) . A brief description of the model is presented in Appendix A, a schematic is presented in Fig. 1 , and the geographical distribution of sulfur emissions is presented in Fig. 2 .
The model has been extensively compared with observations using mostly 24-h sulfate and SO 2 mixing ratios (Benkovitz et al., 2004 (Benkovitz et al., , 2003 . For sulfate in ∼5000 evaluation points 50% of the modeled 24-h mixing ratios were within a factor of 1.85 of the observations; for SO 2 in ∼12 600 evaluation points 50% of the modeled 24-h mixing ratios were within a factor of 2.55 of the observations. These results indicate that a fraction of model observation differences was due to subgrid variation and/or measurement with the balance of the difference attributed to model error. Examination of key diagnostic quantities calculated from model results showed substantial variation for the different source regions and source types, e.g., SO 2 aqueous-phase oxidation rates of 29 to 102% day −1 , SO 2 dry deposition rates of 3 to 32% day −1 , sulfate residence times of 4 to 9 days. These differences were attributed to differences in the relative mixing ratios of SO 2 and H 2 O 2 and to the fraction of SO 2 and sulfate in clouds for the various source regions and source types.
Attribution of sulfate and SO burdens
The geographic extent of the influence of individual source regions and source types is first examined using the average fractional contribution to the total sulfate column burden ( Fig. 3 ) and to the total SO 2 column burden (Fig. 4) for the entire simulation period; the column burden, the vertical integral of the concentration, is the pertinent quantity affecting aerosol light scattering and extinction. The average fractional contribution F r of material emitted in source region r at a location of interest for a time period extending over multiple model time periods is calculated as:
where B r,t is the column burden at that location derived from emissions in source region r at model time period t and B tot,t is the total column burden at that location at model time period t; fractional contribution of a source region to mixing ratio is evaluated similarly. As expected, each of the three major anthropogenic source regions (North America, NA; Europe, Eu; and Asia, As) was the principal contributor to the column burdens in its own region, reflective of the relatively short turnover time (∼7 days) for sulfate and the much shorter turnover time (∼1 day) for SO 2 (Benkovitz et al., 2004 ) as compared to the time needed for material to become distributed over the entire Northern Hemisphere. In addition, the influence of each source region is extended by the transport winds and other meteorological conditions (for example, clouds responsible for aqueous conversion of SO 2 to sulfate) experienced during the simulation time period. For sulfate, the large (>50%) fractional contribution from NA sources was located in a geographically concentrated area (Fig. 3a) , whereas large fractional contributions from Eu and As sources extended over much greater areas . It is especially notable that the large influence of As sources extended over the north Pacific to Alaska, western and northern Canada, and the west coast of the U.S. (Fig. 3c) . The fractional contribution from biogenic (Bio) sources was small (between 10 and 20%) except for very limited areas with small sulfate burden and small contributions from other sources (Fig. 3d) . The areas of large fractional contribution from volcanic (Vol) sources were southwest of Popocatépetl volcano and west of Kilauea volcano, Hawaii (Fig. 3e ). Although SO 2 emissions from Etna volcano were ∼40% of those from Popocatépetl, the fractional contribution of sulfate from Etna is limited to ∼25% by the large contribution to sulfate column burden from Eu sources.
Sulfate distributions were relatively delocalized from source areas because it is a secondary species with a moderately long turnover time. In contrast, SO 2 was much more localized over source areas (Fig. 4) because it is a primary emitted species with a very short turnover time. As with sulfate, the areas of large (>50%) fractional contribution from NA sources to the SO 2 burden (Fig. 4a) were more limited than those of Eu and As sources . The areas of large fractional contribution from As sources extended into the eastern Pacific Ocean (Fig. 4c ), but the value of the average SO 2 burden in this region was very small (∼3 µmol m −2 ). Large fractional contributions from Bio sources were found in areas not influenced by large anthropogenic sources where the burdens were small, and in areas of large biogenic productivity (Fig. 4d) . The areas of large fractional contribution from Vol sources were directly downwind of the more active volcanos, such as Popocatépetl (Mexico), Kilauea (Hawaii), Etna (Italy), and volcanos in Japan, Indonesia, and the Kamchatka peninsula (Fig. 4e) . The "contrail"-like features over the oceans, such as the one extending from northeast to southwest across the middle of the Atlantic Ocean (especially noticeable in Fig. 4a) , are due to emissions from air and ship traffic in these corridors (Fig. 2a) . These features are not evident in the sulfate distributions.
Meteorological influences
Here the influence of transport meteorology on the fractional contribution to the column burdens from emissions in the several source regions is examined via the mean sea level pressure, MSL, for 23 June to 28 June 1997 (Fig. 5) ; conditions on these days were representative of the entire simulation period. On 29 June column burdens of SO 2 and sulfate (Fig. 6 ) were affected by four major features of the global sea level pressure: large high pressure systems off the coast of Japan and over Europe, a low pressure system over northern Mexico and the eastern Pacific Ocean, and a strong low pressure system over Siberia. Transport of Asian emissions from sources located between 20 • N and 40 • N (Fig. 2a) to the north along the eastern coast of Asia and then eastward over the northern Pacific Ocean is evident in Fig. 6c . This transport was driven by clockwise flow around the high pressure system off the coast of Japan from 23 June to 25 June (Figs. 5a-c). After 25 June this high pressure system migrated northward, and a low pressure system developed in conjunction with an upper level cutoff low over Siberia and Eastern Asia (Fig. 5d) . The low pressure system further enhanced northward transport of sulfate from emissions in southeast Asia; this was followed by flow around the high pressure system, which then transported the sulfate eastward across the Pacific at higher latitudes. From 23 June through 27 June (Figs. 5a-e) a large high pressure system over western Europe generated light winds and little vertical mixing, preventing transport of European emissions and enhancing production of sulfate. On 25 and 26 June (Figs. 5c-d) there was a decrease in surface pressure in phase with a deepening ridge-trough system at upper levels over Spain and north of the Indian sub-continent; counterclockwise flow around these systems transported sulfate from European sources northward (by the system over Spain) to Scandinavia and southward (by the system over India) to the Middle East. The low pressure that formed over Siberia on 25 June (Fig. 5c ) enabled the eastward transport of sulfate from European sources to western and central Asia.
For several days preceding 28 June the North American continent was dominated by a deepening low pressure system over the southwestern U.S. and northern Mexico consistent with divergence at the 500 hPa level (Figs. 5a-e) . A surface high pressure system was located over the southeastern U.S. through 27 June; on 28 June (Fig. 5f ) there were low pressure systems over the Midwest U.S. and over the Gulf of Mexico. Counterclockwise flow associated with these systems transported emissions from the major east coast sources over the Atlantic Ocean (Fig. 6a) . A deepening trough and associated surface low pressure center in the Atlantic Ocean (Fig. 5f ) kept the maximum sulfate column burden south of 35 • N until the eastern side of the pressure center (∼45 • W) was reached, when emissions were transported towards the north Atlantic. These meteorological patterns assist in explaining features seen in the average fractional contribution to the sulfate and SO 2 burden (Figs. 3 and 4) such as the abrupt decrease in the contribution of NA sources at the west coast of the continent, the large influence of As sources over the western and northern Pacific Ocean, and of Eu sources over the Middle East, extending to central Asia and the Atlantic Ocean south of 20 • N and north of 60 • N for sulfate.
In the interactive discussion of this paper one of the anonymous reviewers suggested that links between meteorology and concentration or burden might be strengthened, perhaps by the use of trajectory analysis. As noted in the introduction several investigators have in fact used trajectory calculations to attribute modeled species to source regions, at least qualitatively. Here, rather than using trajectory analysis we have taken the approach of attributing sulfate (and SO 2 ) to large source regions by labeling the sulfur species according to several source regions. We take this approach for several reasons: First, the labeling approach readily yields quantitative estimates of contributions to concentration from the several source regions; second, as the source regions considered here are continental in scale, they are not well suited to examination by trajectory analysis; third, the accuracy of trajectories decreases markedly after ∼5 days; fourth, the use of different assumptions and methodologies in trajectory calculations can yield quite different results; and finally, trajectory-based approaches cannot accurately represent nonlinear chemical reactions, such as the H 2 O 2 -SO 2 reaction, which is dominant in sulfate formation. As an alternative means of relating atmospheric burdens of sulfate and SO 2 to emissions regions, we would invite the reader to examine the animations of the column burdens of these substances taken from the model output at 6-h intervals, available at http://www.ecd.bnl.gov/steve/model/junejuly97.html, which are an effective way to follow the transport of these substances.
Attribution by source regions
Three locations in areas in which there were substantial contributions to sulfate mixing ratios and burdens from two or more source regions or source types (Fig. 2b) (Figs. 7a-c) exhibit substantial variation in the absolute and relative con- tributions from the different source regions. At Seattle the apportionment of the column burden for the entire modeling period was As sources 42%, NA sources 32%, and Eu sources 16%. Despite the long transit across the north Pacific As sources were the principal contributors on two of the three instances of largest magnitude of the total column burden (Fig. 7a) . At Sagres the apportionment was Eu sources 52%, NA sources 26%, and As sources 13%. The situation at Barbados (Fig. 7c) was much more complicated; the apportionment here was Bio sources 27%, Eu sources 26%, NA sources 17%, and Vol sources 17%. At different time periods each of the different source regions and source types (except As sources) was the major contributor to the column burden. Sulfate from NA sources reaching Barbados was transported east across the North Atlantic, south along the west coasts of Europe and Africa and west to Barbados via the trade winds at lower latitudes. Sulfate from Eu sources reaching Barbados was transported south along western Europe and Africa and west to Barbados via the trade winds. Sulfate from As sources reaching Barbados was transported east across the North Pacific, across North America, and then followed the same path as sulfate from NA sources. Animations of the sulfate and SO 2 column burdens from each source region are available at URL http://www.ecd.bnl.gov/steve/model/junejuly97.html.
Vertical profiles of the sulfate concentration for these locations at selected times (Fig. 8) show marked differences in the distribution with height of the contribution attributable to the different source regions and types. At Seattle on 4 July 1997 (Fig. 8a) the maximum concentration was near the surface and NA sources dominated below 3 km; above 6 km the principal contributors were As sources, with a smaller but perceptible contribution from Eu sources. Sulfate from Eu sources reaching Seattle is transported east across Europe, Asia, and the North Pacific Ocean. A very different picture is presented on 7 July, at 00:00 UT. On this date the largest concentration was substantially displaced from the surface (∼7 km) and quite isolated from low altitude processes; the principal contributors above 5 km were As sources; below this height several source regions and source types contributed almost equally to a much smaller concentration. Just 12 h later (Fig. 8c ) the picture was again quite different, with considerably lower concentrations overall. The maximum concentration was in a shallow layer below 1 km, contributed mostly by NA sources, but there was still substantial material from As sources aloft, and these sources continued to dominate the column burden. The influence of As sources at Seattle for these three dates is demonstrated using the sulfate column burden (Figs. 9a-c) . On 4 July at 12:00 UT the Asian plume entered the Seattle area from the southwest (Fig. 9a) ; the full effect of this plume was felt on 7 July at 00:00 UT (Fig. 9b) , and by 7 July at 12:00 UT the plume had passed to the east of Seattle (Fig. 9c) . . Sulfate column burden from (a) Asian sources on 4 July 1997 12:00 UT, (b) Asian sources on 7 July 00:00 UT, (c) Asian sources on 7 July 12:00 UT, (d) North American sources on 4 July 18:00 UT, (e) North American sources on 5 July 12:00 UT, (f) European sources on 9 July 18:00 UT, (g) North American sources on 7 July 12:00 UT, (h) biogenic sources on 9 July 06:00 UT, and (i) European sources on 23 July 12:00 UT. SO 2 column burden from (j) Asian sources on 17 July 06:00 UT. St= Seattle, Sa= Sagres, Ba= Barbados, P= mid north Pacific Ocean location. White denotes areas where the column burden from individual source was less that 1 µmol m −2 .
At Sagres the maximum sulfate concentrations varied by almost a factor of eight (∼13 to 100 nmol m −3 ) for the dates presented here. On 4 July 1997 at 18:00 UT (Fig. 8d ) the concentration was small; NA sources were the principal contributors in a fairly deep layer between 6 and 8 km where the largest concentration (∼13 nmol m −3 ) was located. On 5 July at 12:00 UT (Fig. 8e ) the principal contributors below 2.5 km were Eu sources and the largest concentration was at the surface (∼25 nmol m −3 ); in addition there was a plume between 3 and 12 km where the principal contributors were NA sources. On 9 July at 18:00 UT (Fig. 8f ) the principal contributors below 3 km were Eu sources and the largest concentration was also at the surface (∼100 nmol m −3 ); the principal contributors above 4 km were As sources, and the concentration (∼15 nmol m −3 ) was similar to that on 4 July at 18:00 UT. The animation of the sulfate column burden from As sources showed that the contribution from these sources was transported in a wave pattern across the Pacific Ocean at ∼40 • N latitude, across North America at ∼45 • N, across the Atlantic Ocean at ∼50 • N and finally southward over Sagres. The influence of NA and Eu sources on Sagres is shown in Figs. 9d-e. On 4 July 1997 at 18:00 UT (Fig. 9d ) the plume from NA sources had reached Sagres from the west via a wave pattern across the Atlantic Ocean (see animation). By 5 July at 12:00 UT the column burden from these sources had started to decrease (Fig. 9e) , and on 9 July at 18:00 UT (Fig. 9f ) the large column burden from Eu sources had advanced over Sagres from the east (see animation).
Barbados presented a more complicated picture because several source regions and source types were the main contributors or contributed about equally to the sulfate concentration at different times. On the three dates shown the sulfate concentration was similar (∼10 nmol m −3 ) but up to a factor of five to ten less than at Seattle and Sagres, mainly a consequence of this location being well removed from major emission sources. An example of a very mixed picture is that for 7 July (Fig. 8g) . On this date sulfate was present mostly in two distinct layers, one below 2 km to which Bio sources contributed slightly over half and to which NA sources contributed ∼30% of the concentration, and a second layer, between 4 and 6 km, to which NA, Vol, and As sources contributed almost equally. On 9 July (Fig. 8h ) most of the material was in a deep layer extending from the surface to ∼6 km, to which Bio sources from the Atlantic ocean south of 25 • N (Fig. 2b) were the largest contributors below 6 km; however, about half of the concentration in this altitude range was contributed by other source regions and types. On 23 July at 12:00 UT (Fig. 8i) three somewhat distinct layers were evident; from the surface to ∼2 km and also from 2 km to 4 km Eu sources contributed ∼40% of the concentration, with all other source regions and source types contributing about equally to the remaining 60%. All source types contributed about equally to the third layer, centered at ∼8 km. The influence of NA, Bio, and Eu sources on Barbados is seen also in the sulfate column burden (Figs. 9g-i) .
In contrast to the distribution of sulfate, time series of the SO 2 column burden at the selected locations showed that the major contributors were always proximate sources: North American sources at Seattle (∼96%), European sources at Sagres (∼94%), and biogenic sources at Barbados (∼64%). However, at Barbados some vertical structure was apparent during certain time periods, for example on 9 July 06:00 UT (Fig. 8j ) Bio and NA sources contributed almost equally at the surface, but the NA contribution dropped rapidly with height whereas at the altitude of the maximum total concentration, ∼3 km, the SO 2 was contributed by Bio sources.
The influence of Asian sources on the SO 2 burden over the mid north Pacific Ocean was examined at 170 • W, 47 • N (Fig. 2b) . At this location (∼4300 km from Tokyo; ∼5700 km from Beijing, major source regions on the Asian continent) As sources were responsible for more than half of the SO 2 burden for the entire simulation period. Time series of the SO 2 column burden at this location (Fig. 7d) showed that As sources were frequently the dominant contributors. The distribution of the SO 2 column burden from these sources during one of the time periods of large influence (17 July 06:00 UT, Fig. 9j ) showed a narrow plume that meandered across the north Pacific Ocean. The vertical profile of the SO 2 concentration (Fig. 8k) at the mid ocean location showed that almost all the SO 2 from these sources was quite elevated, in a layer at altitudes of between ∼7 and 11 km. At such altitudes SO 2 is immune to removal by one of its major sinks, dry deposition and can thus persist for considerable time. Compact aerosol layers have been observed to travel great distances in the upper troposphere (Damoah et al., 2004; Jaffe et al., 2004; Ansmann et al., 2002; Wandinger et al., 2002; Forster et al., 2001) .
Because of the short time period examined in the present study it is not known how representative the instances chosen for detailed examination, Seattle, Sagres, and Barbados are of the northwestern North American coastal region, the coastal European, and the trade winds of the North Atlantic, respectively. Clearly the temporal variability of the controlling meteorology plays a large role in the absolute and relative contributions of distant and proximate sources to the sulfate burden at a given location and time. Nonetheless the cases examined here show that distant sources can make a substantial contribution to the column burden of sulfate at the locations under examination.
Attribution of sulfate burden by formation process
Sulfur dioxide is converted to sulfate in the model by two different processes: gas-phase oxidation by OH in clear (cloudfree) air and aqueous-phase oxidation by H 2 O 2 and O 3 in cloud water. As the model associates the sulfate formed by different processes with different sulfate variables, it is possible to examine the amount of sulfate present at a given time and location that has been formed by one or the other process. For the entire simulation period ∼62% of the sulfate present in the model domain was formed by aqueous-phase oxidation and ∼36% by gas-phase oxidation; ∼2% was primary sulfate. However the fractional contributions by the two oxidation mechanisms varied considerably as a function of location and, at a given location, as a function of time during the model run. For example, more than half the sulfate present in geographic regions with sparse cloudiness and precipitation, such as North Africa and the Middle East, and in regions with sources at high altitude, such as Mexico, was formed by gas-phase oxidation. The spatial and temporal variation in formation mechanism is due mainly to differences in meteorological conditions, most importantly the presence and liquid water content of clouds. While it must be recognized that the sulfate present at a specific time and location is a mix of material formed locally and material transported to that location, nonetheless examination of formation mechanism of the sulfate present at specific locations and times allows inferences to be drawn about the reasons for the differences.
Two contrasting locations (Fig. 2b) were chosen to study the time variation of the sulfate formation processes. At a semi-desert area of Algeria (5 • E, 22 • N, grid cell surface height 1.1 km) ∼58% of the sulfate present over the entire simulation period was formed via gas-phase oxidation, and gas-phase oxidation was the principal contributor to the burden at this location at all times during the model period except for a few days around 30 June, Fig. 10a . The animation of the SO 2 burden reveals that periods of larger contribution from gas-phase oxidation occurred when large amounts of SO 2 from the European continent were transported over the arid areas of North Africa, with the oxidation taking place over the Sahara region of Africa where the prevailing meteorological conditions (strong solar radiation, abundant OH, and low cloud water content) favor conversion to sulfate via this mechanism. On days with little transport of SO 2 from Europe, such as 27 to 30 June, the sulfate present at the North African location was formed en route (over the European continent and the Mediterranean Sea), where conditions favored formation via aqueous-phase oxidation.
A contrasting situation is found over the western North Atlantic Ocean (Fig. 2b) . Here, in order to permit comparison with measurements, we examined the model results in the study area of the ACE-2 cloudy Lagrangian-2 experiments, which were conducted 16 July to 18 July off the west coast of Portugal and Africa (11 • to 15 • W, 32 • to 40 • N, surface height 0) (Johnson et al., 2000a, b) . At this location the dominant formation mechanism throughout the entire simulation period was aqueous-phase oxidation (Fig. 10b) . The main features of the modeled vertical profile of the sulfate concentration (Fig. 11) at the approximate time and location of aircraft measurements during this study are consistent with the measured profiles of accumulation mode aerosol concentration reported in Fig. 7 of Johnson et al. and with the measured concentration of total condensation nuclei in Fig. 7 of Osborne et al. (2000) which show these quantities exhibiting a maximum below 1 km and decreasing with increasing altitude above. In addition, the larger contribution below 3 km of sulfate formed by aqueous-phase conversion supports the conclusions of Dore et al. (2000) that increases in the total aerosol mass at these altitudes observed during their experiment represented the net contribution to aerosol via conversion from gaseous precursors and that this conversion most probably occurred via in-cloud aqueous-phase reaction.
Summarizing Sects. 4 and 5, the time series of the sulfate column burden by source region and source type at specific locations for the entire simulation period and vertical profiles of the sulfate concentration for specific times and locations demonstrate the large temporal variability, the frequently large fractional contribution by remote sources, and the frequent occurrence of maximum concentrations well aloft. Not infrequently, important contributions to the concentration from remote sources were located in elevated layers; thus these source regions contribute more to column properties such as optical depth than to surface air quality. At Barbados, well removed from major sources and influenced by several source regions and source types, even surface concentrations were substantially impacted by remote sources. The relative contributions of the gas-phase and the 4734 C. M. Benkovitz et al.: Attribution of sulfate and SO 2 aqueous-phase oxidation pathways to the sulfate column burden at particular locations were influenced by meteorological conditions encountered during transport.
The most important factors affecting the distribution of both sulfate and SO 2 were the locations of emissions sources and predominant meteorological conditions. Because of its longer turnover time of ∼7 days (Benkovitz et al., 2004) , sulfate was transported further from the source regions than was SO 2 (turnover time ∼1 day), with conversion taking place concurrent with transport. Emitted species were generally transported from west to east, but substantial northward transport was identified for emissions from Asian sources and additional northward and southward transport was identified for emissions from European sources. In addition, intercontinental transport of aerosols, already identified in specific instances by measurements Perry et al., 1999; Prospero, 1999; Wotawa and Trainer, 2000) and satellite observations (Husar et al., 2001) , has been illustrated in the present modeling results.
Summary and implications
Results from an Eulerian chemical transport model have been analyzed to attribute sulfate and SO 2 concentrations and column burdens to specific source regions, source types and sulfate formation processes. Because of the relatively short turnover times of these species proximate anthropogenic sources were the principal contributors to the burdens in the several regions, but the influence of North American sources was dominant over almost all of the North Atlantic Ocean, and likewise the influence of Asian sources was dominant over almost all of the North Pacific Ocean. At a given location not infrequently distant source regions contributed widely differing fractional amounts of sulfate, especially when the peak of the vertical distribution of concentration was highly elevated. At Seattle, WA, U.S. Asian sources contributed 42% and European sources contributed 16% of the column burden for the simulation period as a whole; the largest contribution from Asian and European sources occurred in layers above ∼3 km. At Sagres, Portugal, North American sources contributed 26% and Asian sources contributed 13% of the column burden; when the total column burden was small North American sources were the largest contributor, mainly in layers 5 km above the surface. Smaller contributions from Asian sources were occasionally seen as layers at altitudes above ∼4 km; these layers had been transported eastward across the Pacific Ocean, North America, and the Atlantic Ocean.
Overall, the average contribution to the sulfate burden for the entire simulation period was 62% from aqueous-phase oxidation, 36% from gas-phase oxidation and 2% was primary sulfate; however, in areas of low cloudiness, such as north Africa and the Middle East, or areas at high altitudes, such as parts of Mexico, the fraction of sulfate formed by gas-phase oxidation was considerably enhanced, over 50%. At locations of low cloudiness where gas-phase oxidation was the main contributor to the sulfate concentration for certain time periods aqueous-phase oxidation was the main contributor in layers above the surface, as a consequence of longrange transport from cloudy areas.
It should be emphasized that the objective of the present study was to examine the extent to which distant sources contribute to the absolute and relative column burden of sulfate at specific locations at specific times, and the variability of these contributions during the time period examined, rather than to develop a statistically or climatologically robust attribution. Here we relied on a set of model runs that had been rigorously evaluated by comparison with observations at specific locations and for short time periods, typically, for sulfate, 24 h, but was, perforce, limited to a rather short model run, six weeks of a single year. While this rather short time period necessarily limits any generalization of the findings, the present findings nonetheless demonstrate instances in which the sulfate column burden at a given location was dominated by material that was transported across major oceanic basins and also demonstrate the high temporal variability of the relative and absolute contributions of this distant sulfate to the column burden at a given location.
In summary the present study contributes to a growing body of evidence indicative of the importance of long range transport of submicrometer aerosols on scales of several thousand kilometers. This contribution is especially important in a relative sense in regions of low background aerosol, such as over the North Pacific and North Atlantic where it might be expected to contribute strongly to aerosol indirect forcing in view of the low natural aerosol loading, which leads to high sensitivity to incremental aerosol loading (Schwartz et al., 2002) . Such loadings can also be substantial in an absolute sense. For example in the calculations presented here for Seattle, the contribution of Asian sources to sulfate column burden was commonly 20 µmol m −2 and occasionally greater than 100 µmol m −2 (2-10 mg m −2 ); for a mass scattering efficiency of 5-8 m 2 g −1 (Charlson et al., 1992) this burden would result in an optical depth of 0.01 to 0.08. In turn, for an aerosol radiative forcing efficiency of −40 to −50 W m −2 per optical depth (24-h; top of atmosphere; Anderson et al., 2005) this aerosol optical depth would result in a direct radiative forcing of 0.4 to 4 W m −2 . In contrast, because the long-range-transported aerosol was generally well elevated above the surface, it would appear that this aerosol makes a relatively small contribution to surface concentrations pertinent to air quality considerations. 
Description of the Eulerian model
The Eulerian model used in this work was developed from the model described in (Benkovitz et al., 1994) . The model represents emissions of sulfur dioxide (SO 2 ) and dimethyl sulfide (DMS), transport, convective mixing, generation of hydrogen peroxide (H 2 O 2 ) from the hydroperoxy radical (HO 2 ) in the gas-phase, chemical conversion of SO 2 to sulfate by H 2 O 2 and ozone (O 3 ) in the aqueous-phase and by the hydroxyl radical (OH) in the gas-phase, chemical conversion of DMS to SO 2 and MSA by OH, wet removal, and dry deposition (Fig. 1) . A hemispheric domain was used in this study because it incorporates all industrialized areas of the Northern Hemisphere, allows studies of the relative influences of the various source regions and source types and minimizes import/export of material into/out of the model domain. Because the chemistry of sulfur species alters atmospheric concentrations of oxidant species, the influence of source regions and source types was obtained by defining a different variable for each source region/type (Table A1 ) and performing only a single simulation; this method provides accurate estimates of such influences. The model was initialized with the mixing ratio of all species set to zero; material transported into the model domain was assigned representative background concentrations and was carried as a separate variable.
The meteorological data used to drive the model, for the modeling period 1 June-31 July 1997, were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) (European Centre for Medium-Range Weather Forecasts, 2003) . Mixing ratios (MRs) of oxidant species were based on monthly average MRs for June and July calculated using Version 2 of the Model of Ozone and Related Chemical Tracers, (MOZART) Horowitz et al., 2003) driven by a GCM, the NCAR Community Climate Model. Anthropogenic emissions of SO 2 were based on the Emission Database for Global Atmospheric Research (EDGAR) Version 3.2 (Olivier et al., 2002) inventory, which represents annual emissions ca. year 1995. Seasonal emissions and the breakdown between release points below and above 100 m were calculated using the appropriate fractions from the Global Emissions Inventory Activity (GEIA) Version 1B inventory (Benkovitz et al., 1996) ; emissions for the Northern Hemisphere summer were used. Emissions of primary sulfate for 1997 were estimated from the GEIA SO 2 inventory as 1% of the sulfur emissions (by mole) for industrialized regions (North America, Europe) and 2% for the rest of the model domain. Sea surface DMS concentrations for June and July from Kettle et al. (1999) were combined with seawater DMS measurements made during the Aerosol Characterization Experiment-2 (ACE-2) field campaign (Raes and Bates, 1995) to calculate timeand location-dependent oceanic DMS emissions using the wind speed transfer velocity relationship of Liss and Merlivat (1986) . Seasonal emissions of DMS and hydrogen sulfide (H 2 S) from land sources were calculated using the methodology of Lamb (Bates et al., 1992) gridded to 1 • ×1 • resolution (Benkovitz et al., 1994) ; these emissions were treated entirely as DMS in the model. Volcanic emissions are quite variable temporally and there were substantial volcanic events during the modeling period, so as far as possible daily sulfur emissions from volcanos were specific to the simulation period and were treated entirely as SO 2 . The principal sources of time-specific information were the Volcano Activity Reports compiled by the Global Volcanism Program of the Smithsonian Institution available at web site http://www. volcano.si.edu/reports/bulletin/index.cfm (accessed in spring 1999) and personal communications from investigators conducting measurements at individual volcanos.
